Background: Posterolateral spinal fusion with autologous bone graft is considered the "gold standard" for lumbar degenerative disc disease (DDD) when surgical treatment is indicated. The potential role of mesenchymal stromal cells (MSCs) to replace the bone graft in this setting has not been fully addressed. Objective: To analyze the safety, feasibility and potential clinical efficacy of the implantation of autologous MSCs embedded with tricalcium phosphate as a therapeutic alternative to bone graft in patients with DDD during posterolateral spine fusion. Study design: Phase I/II single-arm prospective clinical trial.
Background
Lumbar degenerative disc disease (DDD) is a progressive and irreversible process that produces lumbar and/or radicular pain and is one of the most common causes of disability. Chronic low back pain is a serious health problem and originates an important healthcare cost. The etiology of this condition is multifactorial including the influence of certain genetic predispositions [1] and various risk factors such as load-bearing [2] , autoimmune disorders [3] , nutritional imbalances [4] , molecular and cellular abnormalities [5] that lead to cellular loss, and dehydration of the disc, along with structural alterations compromising its biomechanics.
Established treatments are based on conservative methods such as physiotherapy, analgesia, or behavior modification. Surgical treatment may be indicated when conservative treatments have failed, and in this case, spinal fusion is the option most commonly used [6] . Spinal fusion procedures have greatly increased in the last few years [7] . The surgical procedure for spine fusion may involve the use of autograft or allograft bone tissue, and in some cases, bone substitutes are added [8] . The iliac crest autograft has demonstrated fusion rates higher than 90% in some cases [9] and can be an ideal material for spine fusion because of its osteogenic, osteoinductive, and osteoconductive ability. Nevertheless, this surgical procedure is not exempt from complications or inconveniences [10] such as donor site morbidity (acute or chronic pain and functional repercussions) and longer surgical time. Bone grafts retrieved from the surgical site may also be a good option and have demonstrated fusion rates similar to iliac crest grafts, but its main limitation is the availability of enough amount of graft. Allografts are used in different forms (freeze-dried, fresh-frozen, cancellous chips, and demineralized bone matrix), frequently combined with autograft, since it only has osteoconductive and mild osteinductive properties. Employed alone, there are controversial data on its efficacy. Since An et al. [11] showed low-fusion rates, other authors have demonstrated similar results to autografts, with less adverse events [12] . Other grafts and materials have also been tested. The use of calcium phosphate ceramics in its various forms has only osteoconductive capability and requires the addition of other elements, such as autograft or bone marrow aspirate. Fusion rates with ceramics alone were very low [13] .
Therefore, interest in cell therapy has grown in recent years due to the ability of mesenchymal stromal cells (MSCs) to differentiate into various cell types. One of the most interesting ones is the potential of MSCs to produce or regenerate bone tissue [14] . Another attractive property of MSC is a strong immunomodulatory capacity [15] . MSCs can be obtained from various sources such as bone marrow (BM) from the iliac crest, abdominal fat, and others. These cells have been assessed clinically for the treatment of various diseases [16, 17] .
Although the preclinical data on different animal models of spinal fusion has been extensively shown, there are few prospective clinical trials that have evaluated the role of MSC, expanded in a GMP facility, and released according to the International Society for Cellular Therapy (ISCT) criteria [18] . Therefore, it was mandatory by the Spanish regulators to start testing this product in a small prospective phase I/II trial with a maximum number of 15 patients. This was also a final part of a research line started by the in vitro characterization of the interactions of MSC with tricalcium phosphate (TCP) and their preclinical evaluation in a rabbit animal model of bone regeneration [19] . The trial was supported by a public grant from the National Health System (see Acknowledgements), and the median cost of the cellular product was around 6000€ per dose per patient.
The aim of this work was to assess the feasibility and safety of the use of autologous bone marrow-derived MSCs embedded in a tricalcium phosphate carrier in patients with monosegmental lumbar degenerative disc disease undergoing posterolateral spine fusion. 
Methods

Study population
Fourteen patients were screened for inclusion into the trial (6 males and 8 females) of whom three were excluded (1 case of syphilis and 2 cases of viral hepatitis), thus resulting in a total of 11 patients surgically treated in our hospital between 2010 and 2013 finally included in the study. Inclusion criteria were capacity to consent, age between 18 and 65 years old, lumbar and/or radicular pain refractory to conservative treatment for more than 6 months, radiological diagnosis of monosegmental disc disease (L4-L5 or L5-S1), and grade IV or V of the Pfirmann scale on MRI [20] . Exclusion criteria included penicillin allergy; pregnant or breast-feeding women; those who suffered a genetic or acquired structural anomaly that contraindicated the procedure; had relevant co-morbidities (e.g., severe psychiatric diseases, cancer, inflammatory, or infectious diseases); those treated with prior chemotherapy, corticosteroid, or immunosuppressant drugs; and those that had received another experimental agent in the last 30 days. All patients complained of back and radicular pain. Patient's details are summarized in Table 1 .
Cell production and preparation
Cell production was performed in the GMP Cell Production Unit of the University Hospital of Salamanca, as previously described [21] , with the slight modification of adding tricalcium phosphate (TCP) to the final MSCs product. The reference number of the Investigational Medicinal Product Dossier (IMPD) approved by the Spanish Medicines Agency (AEMPS) for cell production was PEI-10-007. Briefly, 40-100 mL of bone marrow (BM) was obtained from each patient's iliac crest in the operating room following standard procedures and then transferred in sterile conditions to the GMP facility. Mononuclear cells were isolated after density-gradient centrifugation (Ficoll-Paque, GE Healthcare Biosicences, AB, Uppsala, Sweden); cultured initially at 160,000 cells/cm2 in an uncoated polystyrene surface (Corning Costar, Milan, Italy) with an expansion medium containing alpha-modified Eagle's Medium (α-MEM) with 5% of platelet lysate (PL), 1% penicillin/streptomycin (Gibco, Paisley, UK), and 2 UI/ml heparin (Hospira, Alcobendas, Spain); and maintained at 37°C in a 5% CO2 atmosphere. PL was obtained as previously reported. After 70-80% confluence, cells were detached with TrypLE Select (Gibco, Paisley, UK) and subcultured at 1000 cells/cm2. After two to three passages, cells were harvested and the final product containing 0.5-1.5 × 10 -6 cells/kg from the patient in a sterile cell suspension was mixed in 20 mL with a tricalcium phosphate (TCP) support (Conduit-TC Granules 10 ml, Depuy-Spine, Raynham, MA, US). This final product was loaded in two syringes and taken to the operating room.
Surgical procedure and cell administration
An instrumented posterolateral arthrodesis was performed in all cases, and the same surgical team performed all of the procedures. General anesthesia was used in all cases with antibiotic prophylaxis with cefazolin 2 g i.v. during anesthetic induction. A posterior middle-line approach was employed. Titanium pedicular screws were used, and the transverse process surfaces were decorticated by curettage. In one case, a left hemi-laminectomy and L5 radicular decompression was performed. Application of final product (MSCs and TCP mixture) into the intertransverse space, which is the fusion site, was performed in all cases. The content of each syringe was applied on one side. This final product was the only substance used for spinal fusion.
The wound was closed with vacuum aspiration drainage. All patients received thromboembolic prophylaxis with enoxaparin 40 mg s.c. per day during 10 days. At the first day after surgery, patients are allowed to be in a sitting position without the need of using lumbar orthosis and to ambulate after the second day. They were later discharged after a median of 5 days (range 4-6 days). 
Evaluation
Follow-up included at least a postoperative period of 12 months with four visits (at the 1st month, 3rd month, 6th month, and after 1 year) where the clinical and radiological outcomes were studied, in terms of spinal fusion observed in simple and lateral-stress radiography, and also, any adverse effect that occurred during the process was recorded. Additional clinical variables analyzed included (a) clinical efficacy: visual analog scale (VAS) [22] , (b) functional disability: Oswestry disability index (ODI) [23] , and (c) quality of life questionnaire: (SF-36) [24] . Radiological analysis was focused on the assessment of radiological fusion: existence of clear bone bridges in simple anteroposterior (AP), lateral views, and dynamic (flexion and extension) radiographs together with the absence of radiolucent lines (delayed consolidation or pseudo-arthrosis).
Although the established initial follow-up of the trial was 12 months, we followed all patients for another 5 years to assess safety and efficacy in the long term.
Results
Patients and cell product
As already mentioned, the final population consisted of a single experimental treatment group of 11 patients (5 males and 6 females) with a mean age of 44 years (range 30-55 years), all of them with clinical signs of lumbar or radicular pain. 54.5% had disc disease compromising L5-S1 and 45.5% compromising L4-L5 level. The 54.5% belonged to Pfirmann scale stage IV, and the other 44.5% were in stage V. The anesthetic risk on these patients as classified by the American Society of Anesthesiologist (ASA) score [25] was ASA 1 in seven patients and ASA 2 in four patients.
The main characteristics of the cellular product applied are summarized in Table 2 .
Clinical and functional results
The analysis of VAS, for both lumbar and radicular pain, showed that patients improved during the postoperative period compared to preoperative period. Radicular pain decreased more significantly than lumbar pain, demonstrated by the reduction from 8 to 3 and 8 to 5, respectively, at the final follow-up (1 year). Both lumbar and radicular pain improved significantly after 4 years of the surgical procedure (Table 3) .
Regarding the ODI analysis, patients also improved. The patients presented a severe functional limitation (basal ODI 56%) at the beginning of the treatment, whereas 12 months after MSC and surgical treatment, they displayed moderate functional limitation (ODI 31%) ( Table 4) .
The physical and mental status, evaluated by the SF-36 questionnaire, showed also a significant improvement the first year after surgery. In addition, ten of the 11 patients returned to work. One of them changed the type of work. The patient who did not return to the work activity was unemployed before the intervention and was involved in medico-legal litigation.
Patient number 2, which needed L5 root decompression during the surgical procedure, received further analgesia for episodes of low back pain during follow-up. The patient was receiving antidepressant treatment before the surgery, but he was not suffering from a serious mental illness. This patient, who at the time of the selection was unemployed, did not return to work at the end of the follow-up nor 5 years later.
Radiological results
Radiological solid fusion was successfully obtained in nine of 11 of the cases observed in simple Rx focused on the lumbar spine by the end of the study. No motion segments, lytic areas, or pseudo-arthrosis were detected in any case (Figs. 1 and 2 ). 
Complications and side effects
At the end of initial follow-up (1 year) as well as up to 5 years later, there were no complications or adverse side effects related to the procedure, including heterotopic ossification, infections, or tumors attributable to the MSC treatment administered.
Discussion
Cell therapy applied to the spinal disorders has focused mainly in two areas: on the one hand, in intradiscal cell therapy for the treatment of degenerative disc disease, and on the other hand, on the use of cells to improve spinal fusion procedures [26] . Degenerative disc disease and its consequences, low back and radicular pain, are very common health problems. When conservative treatment fails, surgical treatment by spinal fusion is usually indicated. Currently, spinal fusion is one of the surgical procedures most often used for the treatment of spinal diseases [7, 27] . Spine fusion can be performed by several possible approaches, and one on the most employed is posterolateral spine fusion. Bone graft and pedicular screws are commonly used to improve fusion rates [28] . The former can be obtained from various sources, as has been mentioned in the introduction, but autologous graft is frequently preferred (either from the iliac crest or retrieved from the surgical site). Nevertheless, autologous iliac crest graft is associated to local pain and other complications. The graft retrieved locally may be insufficient to obtain spine fusion, and therefore, bone substitutes and substances with osteoconductivity, osteoinductive, or osteogenic capacity have been used [29] . Bone substitutes, such calcium phosphates, only have osteoconductive capacity and need other elements such as cells to have a comparable effect to that of autologous bone graft [30] . Osteoinductive molecules like morphogenetic proteins (BMPs) are expensive and have had associated problems with its use [31, 32] . In the last decade, cell therapy and tissue engineering have gained great interest in this setting. Numerous research studies have explored the potential of cell therapy for the treatment of various entities. MSCs have attracted more attention in the field of the skeletal diseases, due to the ability of these cells to differentiate into various mesodermal cells, such as bone or cartilage cell lineages [33, 34] . In addition to their ability to differentiate into various cell lines, these cells have an important immunomodulatory and anti-inflammatory capacities, which is very attractive for the treatment of some diseases [35, 36] . Moreover, these cells release to their surrounding cells many growth factors and exosomes that may favor bone regeneration and osteogenesis [37] . This may be even enhanced by the presence of TCP scaffolds [38] . These cells, described first by Friedenstein [39] , have some characteristics that are necessary to prove, in order to consider that the cellular products fulfill MSC definition criteria [40] . This point is very important to know when reporting the results and effects of the use of these cells in different clinical situations. There is an extensive number of publications reporting results on the use of MSC for obtaining spinal fusion in small, medium, and large animal models [18] . But, there is also , and thus have a lighter regulation and can be done in an automated environment in the same surgical room [41] . Nevertheless, SVF have a mixture of different cell types, including some pro-inflammatory cells (as monocytes). In the same line, some other groups have used a bone marrow aspirate [42] . The bone marrow aspirate or concentrate is used in various combinations such as auto graft, human demineralized bone matrix, and biomaterials [43] . While it is true that BM aspirate or concentrate has beneficial effects in spinal fusion, the process to obtain it is simple and inexpensive [44] [45] [46] [47] , and it contains progenitor cells (mostly of hematopoietic origin and few MSC less than 0.1%), but their quantity and distribution can be variable [42, 43, 48] . These strategies, compared to Advanced Therapies Medicinal Products (ATMPs), may not provide a uniform cell product with exact characterization of the cells and proportions of defined subpopulations administered, as it occurs with International Society of Cellular Therapy (ISCT)-defined MSC [40] , and are not considered a medicinal product regulated by the National Medicines Agencies. Compared to previous works, our pilot study has some differential characteristics [18] . Firstly, as it has been just mentioned, it employs properly ISCT-defined MSC produced in a GMP facility with all the approvals of the corresponding regulatory agencies as an ATMP. The product is homogeneous and reproducible. Our trial, compared to a series of cases analyzed retrospectively, is a prospective study where autologous BM-derived MSCs were mixed with beta-tricalcium phosphate as a graft in posterolateral arthrodesis for the treatment of a degenerative disc disease-resistant to conservative treatment. Tricalcium phosphate has been employed in other studies [49, 50] . This bone substitute is easy to use and presents appropriate physical and chemical characteristics. It was used in our study, as it was the default bone substitute used at that time. Another characteristic of our study compared to others [42] is that the spine level where the treatment was applied is homogeneous, and therefore, the role of the treatment could be better compared in a phase I-II trial.
Our study also has some limitations, as the low number of patients included. As already mentioned, it was designed as a phase I/II trial. Although conclusions on efficacy of the procedure have to be taken cautiously, the results are comparable with the other approaches indicated before. In addition, we have not tested different cell doses, which would have an impact in improving these results, but this should be evaluated prospectively in future trials.
Conclusions
We have demonstrated the safety and feasibility of the procedure and provided the longest follow-up published to date (more than 5 years for some patients, see Additional file 1), what further guarantees the achievement of these primary objectives of a phase I-II trial, where absence of secondary effects is the most important finding.
It is also important to note not only that the clinical situation of the patients improved (an 81% of fusion rate was achieved by the end of the trial), both for back pain and radicular pain, but also, all patients except one patient resumed their work activities.
In summary, our results show that cell therapy with autologous MSCs in posterolateral spinal fusion is a safe and feasible procedure, at least in our environment. Although the number of patients is low, the duration of follow-up was extended over 5 years. 
